Confounding may account for the apparently improved infant outcomes after prenatal exposure to buprenorphine versus methadone. We used Massachusetts Medicaid Analytic eXtract (MAX) data to identify a cohort of opioid-dependent mother-infant pairs (2006)(2007)(2008)(2009)(2010)(2011), supplemented with confounder data from an external Boston, Massachusetts, cohort (2015Massachusetts, cohort ( -2016. Associations between prenatal buprenorphine exposure versus methadone exposure and infant outcomes in the MAX cohort were adjusted for measured MAX confounders and were additionally adjusted for unmeasured confounders with bias analysis using external cohort data. A total of 477 women in MAX were treated with methadone and 543 with buprenorphine. More buprenorphine users than methadone users were white and used psychotropic medications. After adjustment for MAX confounders, risk ratios among infants exposed to buprenorphine versus those exposed to methadone were 0.45 (95% confidence interval (CI): 0.34, 0.61) for preterm birth (birth at <37 weeks) and 0.75 (95% CI: 0.51, 1.11) for low birth weight for gestational age. The mean difference in infant hospitalization was −7.35 days (95% CI: −9.16, −5.55). After further adjustment with bias analysis, the risk ratios were 0.53 (95% CI: 0.39, 0.71) for preterm birth and 1.14 (95% CI: 0.77, 1.69) for low birth weight for gestational age, and the mean difference in infant hospitalization was −3.66 days (95% CI: −5.46, −1.87). External confounder data can be used to adjust for unmeasured confounding in studies of prenatal outcomes among women on opioid agonist therapy based on administrative databases.
. Pregnant opioid-dependent women with better clinical and psychosocial profiles are more likely to be treated with buprenorphine, raising the possibility that associations are confounded (9, 10) . In a clinical trial, Jones et al. (6) found shorter hospital stays and less morphine treatment for gastrointestinal, respiratory, autonomic, and central nervous system disturbances from opioid withdrawal after delivery (neonatal abstinence syndrome) among infants prenatally exposed to buprenorphine as compared with infants prenatally exposed to methadone, but high dropout rates in that study raised concerns about selection bias.
Administrative health-care databases can be an efficient data source for epidemiologic studies due to the reduced time and cost otherwise required to assemble large cohorts. Use of psychotropic medication during pregnancy has been studied in Medicaid beneficiaries (11, 12) . Massachusetts Medicaid data are efficient for studying OAT, because OAT coverage is virtually unrestricted in the state (13) . Most clinic-based studies of prenatal OAT have been small, with fewer than 300 motherinfant pairs (9) . To address small sample sizes and the possibility of confounding in prior studies, we designed a study that used extant Medicaid data paired with data from a prospective cohort study and bias analysis methods to examine the safety of buprenorphine as compared with methadone in terms of infant outcomes. Herein, we describe the methods, limitations, and findings of this novel approach.
METHODS

Medicaid Analytic eXtract cohort
Study population. The study population was identified using Medicaid Analytic eXtract (MAX) data (14) from Massachusetts. Women were included if they were 14 years of age or older, delivered between 2006 (when prenatal buprenorphine became available in Massachusetts) and 2011 (most recent MAX data) (14) , and 1) had a Medicaid claim with a diagnosis of opioid dependence within 2 years before delivery or 2) had a Medicaid claim with an unspecified type of drug dependence within 2 years before delivery and were on prenatal OAT (see Web Table 1 , available at https://academic.oup.com/aje, for codes). Inpatient and outpatient deliveries were identified using previously identified codes (15) , in addition to others (Web Table 1 ). Mothers were linked to infants by matching family case identifiers ( Figure 1 ) and an infant birth date that fell within the delivery date window (15) . Medicaid Statistical Information System Identifiers (MSIS ID) identify unique individuals within the Medicaid system ( Figure 1 ). Multifetal deliveries may have a different MSIS ID for each infant, and some infants (singleton or multifetal) may have multiple MSIS IDs because of assignment of temporary MSIS IDs at birth followed by a permanent MSIS ID (15) . We therefore could not distinguish repeat records of the same infant with different MSIS IDs and multiple births from the same delivery; thus, 1 infant per delivery was retained. These criteria were applied to MAX inpatient, other therapy, patient summary, and prescription databases provided by the Centers for Medicare and Medicaid Services. Per the Confidentiality of Alcohol and Drug Abuse Patient Records Regulations (16), the Centers for Medicare and Medicaid Services does not release postal codes and sets birth dates to the first day of the month for the given month and year of birth.
Prenatal OAT exposure. The prenatal OAT exposure period was defined as the period from 294 days before the matched infant's birth date through 30 days after the matched infant's birth date. A window of 30 days after the infant's birth date was used because birth dates were set to the first day of the month by the Centers for Medicare and Medicaid Services. Prescriptions for prenatal buprenorphine, selective serotonin reuptake inhibitors (SSRIs), and benzodiazepines were identified in the Medicaid prescription claims database (National Drug Codes are provided in Web Table 1 ). Methadone was identified with procedure code H0020 in the other therapy database. A small number of women switched treatment from buprenorphine to methadone (n = 26) and vice versa (n = 1); an intent-to-treat approach with the initial OAT for classification was used.
Medicaid beneficiaries can be enrolled in a managed-care plan (either capitated or fee-for-service primary-care case management) or no managed-care plan (17) . To examine the completeness of OAT data, we identified women who, at any point during pregnancy, had fee-for-service primary-care case management, no managed-care plan, or another managed-care plan that would not restrict prescription benefits. We also identified women who, at any point during pregnancy, had private health insurance or capitated Medicaid benefits that potentially would not submit prescription claims through Medicaid. Finally, we determined the proportion of women with prenatal prescriptions other than OAT.
Infant outcomes. The length of infant hospitalization was calculated as the difference between the starting and ending dates of the infant's hospitalization for the first hospitalization that began in the infant's birth month. Preterm birth (birth at <37 weeks' gestation) (18) and low birth weight for gestational age were identified through International Classification of Diseases, Ninth Revision (ICD-9) codes in infant records (Web Table 1 ).
Statistical approach. Differences between women and infants who matched and those who did not were assessed statistically with the χ 2 , Fischer exact, or Kruskal-Wallis test, as appropriate. Risk ratios for preterm birth and low birth weight according to prenatal OAT were estimated using generalized linear models. Mean differences in the length of infant hospitalization were estimated with linear regression. We adjusted for potential confounding from maternal age (years; continuous), race/ethnicity (non-Hispanic white vs. other), year of delivery recorded in the MAX data (categorical, with 2006 as the referent), prenatal SSRI use before OAT (yes/no), and prenatal benzodiazepine use before OAT (yes/no).
External cohort
Study population. Pregnant opioid-dependent women (n = 113) from a high-risk obstetrical and addiction recovery clinic in Boston, Massachusetts-the largest-volume clinic for pregnant women with opioid dependence in New England-were enrolled in the study (2015) (2016) (19) to measure confounders unavailable in MAX. Women were recruited at OAT initiation or the first prenatal visit (for women on OAT at conception). The clinic operated in conjunction with methadone clinics, counseling centers, and residential treatment programs for pregnant women. Maternal criteria for OAT included being 18 years of age or older, having a Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, diagnosis of opioid dependence, having laboratory and/or radiographic documentation of pregnancy, and voluntarily consenting to engage in the clinic's comprehensive treatment program. Per the clinical practice protocol, women were scheduled for prenatal care and relapse prevention visits every 1-3 weeks through delivery. Observed urine drug tests were carried out at each prenatal visit.
The type of OAT initiated was selected considering patient choice, treatment history, disease severity, and medical and psychiatric comorbidity. The clinic protocol recommended methadone for women with more severe opioid dependence, women with intolerance to buprenorphine, and women for whom buprenorphine was medically contraindicated. In general, women for whom previous buprenorphine treatment was nonefficacious, who had a history of buprenorphine diversion within the last 6 months, who were unable to make weekly-to-biweekly office visits, or who were unwilling to engage in independent relapse prevention counseling were offered methadone (19) .
Data collection. At cohort enrollment, a research assistant administered the Addiction Severity Index, 5th Edition Lite (20) , to collect data on a wide range of potential confounders. The Addiction Severity Index has been widely employed among substance users and includes questions on 7 domains: medical status, employment and support, drug use, alcohol use, legal status, family/social status, and psychiatric status. Responses for the particular domain questions were summed to create a score that captured the degree of patient-reported problems in each domain, with higher scores indicating more severe problems (20). Prenatal OAT, pregnancy, substance use, and delivery information was routinely abstracted from maternal medical charts. Infant outcomes from birth to hospital discharge were abstracted from medical charts. Propensity scores. Propensity scores for the probability of initiating buprenorphine versus methadone in the external cohort were estimated using logistic regression. A priori confounders included maternal demographic, clinical, and substance use characteristics based on substantive knowledge and prior studies. Characteristics retained in the final multivariate propensity score model were predictive of initial OAT and associated with an infant outcome of interest. They included: generally having unstable housing during the past 3 years (yes/no), gravidity (>1 pregnancy vs. ≤1), having ever regularly injected cocaine (yes/ no), and Addiction Severity Index drug score (continuous, ranging from 0 to 1). No data were missing for the propensity score models. Associations between propensity scores and infant outcomes were restricted to infants for whom outcome data were available; some external cohort pregnancies ended through therapeutic abortion (n = 3) or miscarriage (n = 4) or had an unknown outcome, as some women did not continue prenatal care (n = 26).
Bias analysis for unmeasured confounders in the MAX cohort
Regression models were fitted with propensity scores as the independent variable and each infant outcome as the dependent variable using the external cohort data. The resultant risk ratio or mean difference quantified the amount of unmeasured confounding that would be expected in the crude MAX cohort results (the parameters RR γ and γ, described below). Mean values of the propensity score also were determined in the buprenorphine and methadone groups in the external cohort. Following the approach of Lin et al. (21) , the MAX cohort risk ratio (RR) and mean difference (MD) were then corrected for unmeasured confounding (assuming a uniform effect of confounding by OAT) as follows:
where * RR and MD* are measures of association for buprenorphine versus methadone and the infant outcomes in the MAX cohort, adjusted for measured MAX confounders; γ RR and γ represent the effect of the unmeasured confounder (i.e., propensity score, which included confounders unavailable in MAX) on the infant outcome in the external cohort; and μ 1 and μ 0 are the mean values of the unmeasured confounder in the buprenorphine and methadone groups of the external cohort, respectively. The 95% confidence intervals for the bias-adjusted estimates were calculated using the standard errors of the MAX estimates (21) . The small number of MAX infants with a missing inpatient hospitalization record or with insufficient data to evaluate length of stay were excluded from analyses of the relevant outcome.
We also examined potential misclassification of MAX data. To evaluate the robustness of our cohort inclusion criterion, we determined the number of women with a diagnosis of opioid dependence within the year before delivery and assessed the OAT use distribution among these women. To examine bias from possible inclusion of postnatal OAT due to an unknown exact date of delivery (i.e., because birth dates were set to the first day of the month by the Centers for Medicare and Medicaid Services), we reran our infant-outcomes analyses with the pregnancy period ending on the first day of the month rather than using a window of 30 days after the infant's birth date. (Figure 1) . A total of 5,010 infant records (87%) matched to a delivery record; all infants matched to only 1 woman. A total of 2,237 women (41.8%) with 1 or more delivery records did not match to an infant. There was no difference in the mean age (27.5 22 .8%), and low birth weight (8.3% vs. 10.2%) and had similar mean lengths of hospital stay (22.9 days vs. 13.9 days). After removal of 1,578 duplicate records/multifetal births (1 infant per delivery was retained), 1 mother with an implausible maternal age at delivery, and women who did not meet our definition of opioid dependence (n = 962), there were 2,469 mother-infant pairs in the MAX cohort study population (Figure 1 ). Among these women, 2,012 women had 1 delivery, 204 had 2 deliveries, 15 had 3 deliveries, and 1 had 4.
RESULTS
From
There was a 3-fold increase in the number of deliveries among opioid-dependent women covered by Medicaid in Massachusetts from 2006 (n = 205) to 2011 (n = 688). A total of 477 pregnant women were treated with methadone and 543 with buprenorphine; 1,449 did not have a record of OAT (unexposed; see Table 1 ). More unexposed and methadone-exposed women were black or Hispanic (Table 1) . Almost all women had unrestricted Medicaid coverage at some point during pregnancy, and 7.5% of unexposed, 9.4% of buprenorphine-exposed, and 12.6% of methadone-exposed women had private health insurance at some point during pregnancy. Women treated with buprenorphine were more likely to have SSRI and benzodiazepine prescriptions than methadone-treated or unexposed women. Methadone-treated women, however, had the lowest prevalence of any prenatal prescription (77.6%). Unexposed mother-infant pairs were more likely to deliver in earlier years. Unexposed mother-infant pairs were excluded from analysis of the association of buprenorphine versus methadone with infant outcomes.
The risks of preterm birth and low birth weight were higher among methadone-exposed infants (Table 2) , as was the mean length of hospital stay. Adjustment for maternal age, race/ethnicity, year of delivery, and prenatal SSRI and benzodiazepine use in the MAX cohort did not change estimates, but incorporating data from the external cohort altered the associations. Crude risk ratios, risk ratios adjusted for MAX confounders only, and risk ratios adjusted for MAX confounders and bias analysis were as follows: for preterm birth, risk ratio (RR) = 0.46 (95% confidence interval (CI): 0.34, 0.61), RR = 0.45 (95% CI: 0.34, 0.61), and RR = 0.53 (95% CI: 0.39, 0.71), respectively; for low birth weight for gestational age, RR = 0.75 (95% CI: 0.51, 1.11), RR = 0.75 (95% CI: 0.51, 1.11), and RR = 1.14 (95% CI: 0.77, 1.69), respectively. Corresponding mean differences in the length of infant Abbreviations: MAX, Medicaid Analytic eXtract; OAT, opioid agonist therapy; SSRI, selective serotonin reuptake inhibitor. a Twenty-six women initiated treatment with buprenorphine and switched to methadone, and 1 woman initiated treatment with methadone and switched to buprenorphine. Five infants exposed to buprenorphine, 6 exposed to methadone, and 9 unexposed infants were missing information from inpatient hospitalization (preterm birth, low birth weight for gestational age); 25 infants exposed to buprenorphine, 44 infants exposed to methadone, and 109 unexposed infants were missing information on length of hospital stay.
b Values are expressed as mean (standard deviation). c "Other" includes non-Hispanic women with unknown race/ethnicity.
hospitalization were −7.45 days (95% CI: −9.25, −5.65), −7.35 days (95% CI: −9.16, −5.55), and −3.66 days (95% CI: −5.46, −1.87), respectively. The comparability of women in the MAX and external cohorts was assessed (Table 3 ). Similar proportions of both cohorts were treated with buprenorphine and methadone. The delivery periods differed, as previously noted. Most women in the MAX cohort and the external cohort were non-Hispanic white, but a higher percentage of women in the external cohort were black. No other differences were identified.
In sensitivity analyses, when applying our definition of opioid dependence to the year before delivery (instead of 2 years prior), all women met the inclusion criteria. The interpretation of results was unchanged when analyses were conducted with the pregnancy period ending on the first day of the month rather than 30 days after the infant's birth date.
DISCUSSION
In this paper, we report on a novel method for addressing potential uncontrolled confounding of the association between prenatal OAT exposure and infant outcomes in Massachusetts Medicaid data. The Massachusetts population is ideal for the study of OAT outcomes due to the high rates of opioid use and virtually unrestricted Medicaid coverage for buprenorphine and methadone in the state (13) . Only 2 studies of the comparative safety of prenatal OAT have included more than 300 motherinfant pairs-1 from Denmark (n = 557) (4) and 1 from Vermont (n = 609) (5). To our knowledge, this MAX-based cohort study is the largest carried out to date, with 1,020 OAT-exposed mother-infant pairs. However, MAX data on potential confounders such as severity of addiction were unavailable.
Careful consideration of confounding by indication is needed in assessing the comparative safety of buprenorphine and methadone with regard to infant outcomes (10, 22) , because the systems of care differ substantially. In the United States, methadone treatment consists of structured observed daily dosing at a methadone clinic, while buprenorphine is self-administered through prescriptions. Some women benefit from the structured delivery and fullagonist effect of methadone, while others are better suited for the partial opioid agonist buprenorphine. Prior studies have suggested differential access to buprenorphine by race/ethnicity and social status (23) , and in the MAX cohort, more women treated with methadone or without OAT prescriptions were Hispanic or black. Similar to another study that used administrative health-care data, MAX women treated with buprenorphine had more concomitant medication use, suggesting better engagement in clinical care and more stable drug dependence (24) . In the external cohort used for confounding adjustment, women receiving buprenorphine had lower risk profiles, including more stable housing, more stable income, less severe drug dependence (as measured by the Addiction Severity Index), and less injection cocaine use. If women with these lower risk profiles deliver healthier babies, confounding by indication is likely.
Our approach to controlling for confounding by indication did not fully attenuate the observed lower risk of preterm delivery or hospital stay length for buprenorphine as compared with methadone, but evidence of confounding was present. Shorter unadjusted hospital stays in buprenorphine-exposed infants have been observed in some but not all studies (3, 6, 25) . The unadjusted risk ratio for preterm birth in buprenorphine-versus methadoneexposed infants in the Vermont study was 0.53 (95% CI: 0.33, 0.85), similar to our result. Our finding of somewhat attenuated but beneficial associations brings up the question of whether our methods fully corrected for confounding by indication. For example, clinical prescribing may have differed in the MAX cohort and the external cohort, resulting in misclassification in our propensity scores. There was little buprenorphine treatment failuredefined as transition from prenatal buprenorphine to methadone for nonadherence or continued illicit opioid use-in women from the external study clinic during 2006-2010 (5.7%) in comparison with women who delivered in 2015 and 2016 (22%) (19) . This change probably reflects provider efforts at the study clinic to make buprenorphine treatment more accessible for women with more severe drug dependence. Because of the smaller size of the external cohort, we assumed that the effect of confounders was uniform by OAT, which may not have adequately captured the confounding. Nonetheless, our findings suggest that there may be a higher risk of preterm birth and longer hospital stays in methadone-exposed infants.
Unlike preterm birth and length of hospital stay, there was no association between OAT exposure and low birth weight for gestational age after adjustment with bias analysis. Other investigators have reported higher mean birth weights in buprenorphineexposed infants (3, 5, 7) and in opioid-unexposed compared with methadone-exposed infants (26, 27) , but few have examined growth appropriate for gestational age (28, 29) . A limitation of using administrative health-care data for research is misclassification of study exposures and outcomes. We included ICD-9 codes used in prior studies to identify deliveries, opioid dependence, methadone and buprenorphine exposure, and infant outcomes (13, 15, 30) . The sensitivity and specificity of ICD-9 codes for preterm birth was quite high in a database validation study (18) , while the use of ICD-9 codes 656.5x for infants born small for gestational age had low sensitivity (31) . We expanded on these prior codes to include others that indicated low birth weight for gestational age; however, some nondifferential misclassification probably exists.
The MAX cohort demonstrated successful linkage of deliveries to infants at 59%, a proportion similar to that of another study (12) . Linkage is likely to be affected by level of claim completeness, inconsistent assignment of the same family case identifier to women and children, and use of delivery codes that did not identify viable pregnancies or pregnancies carried to term. Women were included in the MAX cohort regardless of consistent noncapitated Medicaid coverage in pregnancy, raising the possibility that some women classified as untreated may have received OAT for which Medicaid claims were not submitted. The number of such women is expected to have been small, given that few women in our study had private health insurance coverage at any time during pregnancy, almost all had unrestricted Medicaid coverage at some point during pregnancy, and a majority had at least 1 other prenatal medication claim. Restricting the study population to women with Medicaid coverage throughout pregnancy would have unnecessarily excluded women for whom Medicaid coverage, prenatal care, and OAT began after conception.
Our finding that 59% of women with a diagnosis of opioid dependence in the MAX cohort did not have an OAT prescription in the year before delivery is concerning, especially given that Massachusetts has unrestricted Medicaid coverage for buprenorphine and methadone. Cash clinics, where patients pay out of pocket for buprenorphine prescriptions because of a lack of buprenorphine providers in the area, may have been a possible source of treatment for the unexposed women. It unlikely that this would account for OAT in the majority of the unexposed low-income women, given that comprehensive prenatal care in Medicaid hospital clinics would include OAT. Limited availability of treatment for substance users is well documented and has been exacerbated by the current opioid crisis (32) . Possible barriers to care among pregnant drug-dependent women, including stigma that prevents women from disclosing drug dependence in pregnancy and/or seeking prenatal care, lack of transportation to care, and lack of referrals to addiction providers, should be investigated.
High rates of drug dependence in pregnant women and of adverse outcomes in their infants are ongoing concerns (33, 34) . It is feasible to use extant Medicaid data paired with Abbreviations: MAX, Medicaid Analytic eXtract; OAT, opioid agonist therapy; SSRI, selective serotonin reuptake inhibitor. a Five infants exposed to buprenorphine, 6 infants exposed to methadone, and 20 unexposed infants were missing information from inpatient hospitalization (preterm birth, low birth weight for gestational age); 25 infants exposed to buprenorphine, 44 infants exposed to methadone, and 185 unexposed infants were missing information on length of hospital stay.
b The "preterm birth" variable excludes 3 women who underwent therapeutic abortion (2 receiving buprenorphine, 1 receiving methadone) and 26 women who were lost to follow-up (11 receiving buprenorphine, 15 receiving methadone). The "cesarean delivery" variable excludes those excluded from the preterm birth variable, in addition to 3 women who delivered at another site (1 receiving buprenorphine, 2 receiving methadone).
c Values are expressed as mean (standard deviation). d "Other" includes non-Hispanic women with unknown race/ethnicity.
detailed data from an external cohort to adjust for unmeasured confounding in order to study the comparative safety of prenatal OAT exposure, but limitations exist. Some but not all of the associations in this study were explained by confounding. Our study provides insight into the use Medicaid data for OAT outcomes, prescribing preferences in a Medicaid population, and the effect of unmeasured confounding bias from maternal characteristics.
